Physical model construction for electrical anisotropy of single crystal zinc oxide micro/nanobelt using finite element method Based on conductivity characterization of single crystal zinc oxide (ZnO) micro/nanobelt (MB/NB), we further investigate the physical mechanism of nonlinear intrinsic resistance-length characteristic using finite element method. By taking the same parameters used in experiment, a model of nonlinear anisotropic resistance change with single crystal MB/NB has been deduced, which matched the experiment characterization well. The nonlinear resistance-length comes from the different electron moving speed in various crystal planes. As the direct outcome, crystallography of the anisotropic semiconducting MB/NB has been identified, which could serve as a simple but effective method to identify crystal growth direction of single crystal semiconducting or conductive nanomaterial. With the progress of science and technology, materials which serve as the basis for constructing any objects are required to be more precisely characterized to satisfy the ever increasing advanced device design demands. Undoubtedly, electrical property is one of the most important basic properties of materials, especially for semiconducting materials, which play key role in semiconducting industry. Furthermore, many materials synthesized in nanoscale exhibit exceptional properties [1] [2] [3] comparing with their bulk counterparts, primarily ascribed to quantum confinement effect and extra-high surface energy at ultra-small size. 4, 5 Electrical property of nanomaterials is also significantly different with its bulk countparts. 6, 7 The relevant electrical property research on nanomaterial not only improves the scientific understanding of charge carrier transport with nanoconfinment but also guides the nanodevice design and performance.
Our previous experimental result shows that electrical resistance is nonlinear length dependence in the semiconducting single crystal zinc oxide (ZnO) micro/nanobelt (MB/NB). 7 In this Letter, we report the progress result of the intrinsic electrical anisotropy caused nonlinear resistancelength relation of single crystal ZnO MB/NB via finite element method (FEM) based on conductive AFM (C-AFM) experimental result. By building 3D model with same parameters as in experiment, a detailed electrical transport mechanism in single crystal ZnO MB/NB has been revealed. By comparing of electrical current density (ECD) distribution in different nanocrystallography, the proposed interpretative model that anisotropic conductivity caused by the main transportation channels along specific crystal planes inside MB/NB is well coincided with the experimental measurement.
As schematically described in Fig. 1(a) , the fundamental conductive AFM measurement on single crystal ZnO MB/NB is as following: One end of a single crystal ZnO MB/NB (synthesized by chemical vapor deposition approach 8, 9 ) was embedded in silver electrode on the insulated silicon oxide layer of an intrinsic silicon wafer substrate. Silver contacting one end of the single crystal ZnO MB/NB formed Ohmic contact, 10 while Pt coated conductive AFM tip acted as Schottky contact. 11 The C-AFM measurement procedure contains two parts: topography image of the ZnO MB/NB was first scanned in tapping mode to obtain the whole interested area information, and then to acquire I-V curve in contact mode at different positions as the cross points indicated in Fig. 1(a) , which started from the interface of the ZnO MB/NB and the fixed silver electrode as the zero point of length toward to the free end of the belt (see arrow indicated in Fig. 1(a) ). As what shown in Fig. 1(b) , the corresponding representative I-V curve acquired from one interested position in belt connected in the measuring circuit shows an asymmetry rectifying shape and the forward bias is negative potential relative to the ground indicated in Fig. 1(a) . Similarly, a series of I-V curves under the reversed bias conditions according to the trace schematically marked by the crosses in Fig. 1(a) can be obtained. The asymmetry rectifying shape I-V curve is resulted from the metal-semiconductor-metal (M-S-M) structure composed of ZnO MB/NB-silver electrode Ohmic contact, ZnO MB/NB between electrodes, and ZnO MB/NB-Pt AFM tip Schottky contact. Schottky barrier and ZnO MB/NB dominate the typical rectifying nonlinear current-voltage (I-V) characteristic 12 rather than the Ohmic contact. The resistance of Schottky contact is identical during all I-V curve acquisitions, and the quantificational expression of the resistance change with belt length (subtracted Schottky resistance) still preserves a nonlinearly exponential relationship as plotted in Fig. 1(c) , which is contrary to the classic Ohm's law. Authors to whom correspondence should be addressed. Electronic addresses: jhsong@eng.ua.edu and wqlu@cigit.ac.cn.
Clearly, this exceptional nonlinear electrical conductivity behavior is correlated to the intrinsic electrical property of Zinc Oxide micro/nanostructure.
Although this unusual electrical behavior of nonlinear length dependent resistance has been measured and conformed by experiments, further study by simulation approaches is necessary to explore the basic conductivity principles of ZnO MB/NB in micro/nanoscale. Herein, FEM simulation is employed to visually and concretely reveal electrical conductivity distribution inside ZnO MB/NB with the anisotropic conducting mechanism. Fig. 2(a) shows the scheme of the simulation which is composed by a ZnO MB/NB fixed at its base and along y axis, the bottom is grounded and the top is biased with negative electric potentials. The 3D model is built by Hypermesh software as indicated in Fig. 2(b) and with the same geometric parameters as in experiment. 7 Then, Abaqus software is employed to run analysis, choosing thermoelectric element type and room temperature, which is capable of achieving desired isotropic and anisotropic characterizations. Finally, a series of electrical current distributions under various conditions are obtained. As a common approximation, the current density simply is proportional to the electric field and can be as expressed by
where E is the electric field and r is the electrical conductivity. It reasonably agrees that electrical current density is proportional to the electrical conductivity, if the conductor is under a stable and uniform filed. Herein, the change of electrical conductivity can be reflected by changes of current density. Fig. 2(c) shows the ECD distribution in ZnO MB/NB with isotropic electrical conductivity. It can be obviously seen that current density distribution keeps constant inside the belt body and uniformly distributes, so does the electrical conductance in the ZnO MB/NB, which satisfactorily meets with the classic theory that conductance is distributed uniformly in the isotropic materials and resistance is linearly dependent on material length.
By substituting electrical data from experiment and previous literatures, 7, 13 it is interesting to find that electrical current density distribution of anisotropic ZnO MB/NB displayed in Fig. 3(a) reveals the existence of parallel main conducting planes which have the larger current density or higher electrical conductivity than those planes in other directions. Furthermore, the geometric relationship between conducting planes and MB/NB dimensions is revealed in Fig. 3(b) . Therefore, it is possible to conduct a generic formula quantitatively describing the electrical anisotropy of ZnO MB/NB, particularly, resistance-length characteristic from FEM simulation result.
Here, the tensor algebra was used to describe the electrical anisotropy of ZnO MB/NB. Since the anisotropic electrical conductivity (r) is a 2-rank Cartesian tensor and ZnO has the six folds symmetry hexagonal crystal structure with space group of P6 3 mc, the off-diagonal elements of the tensor are zero, 14 so the anisotropic tensor of electrical conductivity can be written as while here, we can assume both electrical resistance (R ¼ R xĩ þ R yj þ R zk ) and the effective transportation length of conducting planesl ¼ l xĩ þ l yj þ l zk which are directional vectors in the Cartesian coordinate as shown in Fig. 3(b) . Herein, the total electrical resistance of ZnO MB/NB can be expressed as
As shown in Fig. 3(b) , we havel ¼ l xĩ þ l yj , l z ¼ 0; the resistance component in y direction is determined by
From the classic Pouillet's law, here r, s, d, w, h, and h are electrical conductivity, cross sectional area, length, width, thickness of a given ZnO MB/NB, and the complementary angle of main conduction planes with the longitudinal direction of the ZnO MB/NB, respectively. Considering the anisotropic electrical current density distribution and from Eq. (4), we can obtain the length-resistance curve of anisotropic ZnO MB/NB at h ¼ 50 as shown in Fig. 3(c) , which exactly matches the experimental measurement of resistance-length relation. 7 As a specific case, it is predicable to obtain h ¼ 90 by rotating ( p 2 À h) of ZnO MB/NB along z axis with keeping the same electric field (see Fig. 4 (a)) in FEM simulation, then main conducting planes will be perpendicular to the electric field, which is equivalent to the case of ZnO MB/NB grown along [0001] direction. Fig. 4(b) shows the current density distribution in y direction after rotating the favorite conduction planes to parallel y axis, revealing that the current is mainly transported from top end to bottom in a longitudinal direction also the growth direction, which was supported by our experiment measured result that c axis grown ZnO MB/NB has linear I-V characterization. 7 Furthermore, it also clearly corresponds to the situation that h ¼ 90 in Eq. (4), in which the resistance is linearly proportional to the material length as Ohm's law predicted as shown in Fig. 4(c) .
Moreover, For ZnO MB/NB grown in different direction with anisotropic electrical conductivity r, Eq. (3) can directly give quantitative expression of its electrical property along any directions. Those outcomes further verify the accuracy of supposed interpretation model that anisotropic conductivity and induced main conducting planes lead to the nonlinear length dependent resistance behavior of ZnO MB/NB. As to other semiconducting materials, the approach can be likewise applied to further understand the fundamental electrical properties.
In conclusion, FEM simulation has been used to investigate the intrinsic electrical property of single crystal ZnO MB/NB and predicted the detailed electrical current density distribution inside the ZnO MB/NB. The simulation result is perfectly fitted with experimental data that nonlinear length dependent resistance is associated with its electrical anisotropy of materials and hence the appearance of main conducting planes. This research favors the understanding of basic electrical transportation mechanism among isotropic and anisotropic semiconducting materials in fine confinements, especially with nanoscale confinement.
